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Introduction

38
Forest, arable and grasslands are important natural resources, which have been subjected to solid particles or the reduction in porosity is a widely used parameter (Grossman, 1981 assessment of BD with a portable system is possible (Quraishi and Mouazen, 2013a ) and 57 enables faster, easier and more cost effective data acquisition, which is particularly useful for 58 precision agriculture applications.
59
The most common traditional method for BD measurement is the core sampling method (e.g.
60
Kopecki ring), which is laborious, time consuming, expensive and difficult to conduct under 61 dry soil conditions (Quraishi and Mouazen, 2013b The aim of the paper is to introduce a new approach for BD assessment to be adopted for 100 precision agriculture applications, which is based on a multi-sensor and data fusion approach. 
ThetaProbe and visible and near infrared spectroscopy
140
A ThetaProbe and a vis-NIR spectrophotometer were used to measure θv and ω, respectively.
141
A detailed description of the measurement is provided in the following subsections. input/output cable (Fig. 2) . The electronic circuit generates and emits electromagnetic signal 150 of sinusoidal shape, which is applied to an internal transmission line to the array of four rods.
151
The impedance of this array varies according to the impedance of the soil, which has two 152 components, namely, the apparent dielectric constant (K) and the ionic conductivity. A 100
153
MHz of frequency was chosen in order to minimise the effect of ionic conductivity, so that 154 changes in the transmission line impedance dependent almost solely on the soil's apparent K.
155
Water content determines K of the soil, as K of the water (~81) is much higher than K of the 
ThetaProbe calibration and validation
166
Three ThetaProbe readings were recorded in situ from the same spot (e.g. 50 cm in diameter),
167
where the soil core was collected. Additional reading was also recorded from the soil core 168 itself. These four readings were averaged in one final reading. In this study, five methods for 
Manufacturer calibration method (M)
176
The general calibration by the manufacturer of the device is a pre-set programme at range. However, the spectral resolution was 3 nm at 700 nm and 10 nm at 1400 and 2100 nm.
230
A high intensity probe with a light source built in of a quartz-halogen bulb of 3000 K° light 231 was used. The detection fibres were gathered in the high intensity probe enclosing 35° angle.
232
Before scanning, only large plant residues, debris and stones were removed from the fresh collected from each soil sample and these were averaged in one spectrum to be used for 240 spectra pre-treatment and model establishment. other pre-treatment options tested. Spectra were then subjected to Savitzky-Golay first 255 derivation transformation (Martens and Naes, 1989 ). This method enables to compute the 256 first or higher order derivatives, including a smoothing factor, which determines how many 257 adjacent variables will be used to estimate the polynomial approximation used for 258 derivatives. A second order polynomial approximation was selected. A 2:2 smoothing was 259 carried out after the first derivative to decrease noise from the measured spectra. All pre-260 treatment steps were carried out using Unscrambler 7.8 software (Camo Inc.; Oslo, Norway).
261
The entire 1013 soil spectra were divided into calibration (75%) and independent validation 262 (25%) sets. Partial least squares regression (PLSR) was implemented using the calibration set 263 to relate the variation in one response variable (e.g. ω) to the variation in multi-spectra respectively.
294
One of the tools available for data fusion is the ANN. Neural networks are simplified models 295 of the biological structure of human brains (Günaydin, 2009 ). There are three main layers in 296 the ANN structure, namely, a set of input nodes, one or more layers of hidden nodes and a set 297 of output nodes. In this study, different number of nodes was used in each layer depending on 298 the input data used (Fig. 3) . For instance, the number of nodes of the hidden layer for θv 299 based on V only was two layers (Table 3) . Seven ANN analyses were performed to develop 300 different models, according to the different input variables used ( (Table 4) .
346
The ANN calibration method based on data fusion generally provides better measurement of 347 θv, with best results obtained when both V and vis-NIR spectra were used as input data 348 (Table 3) 
356
After the ANN -data fusion model, the OV calibration model with one input variable (e.g. V) 357 can be ranked as the second best predicting of θv (Table 4) Table 4 . .
392
High correlation between ANN -data fusion (e.g. V and soil spectra) measured and oven 393 drying measured ω can be observed in Fig. (6B) . This correlation is much improved as 394 compared to that after PLSR (Fig. 6A) , which exhibits non-linear behaviour. Since ANN was and requires the same input of V and soil spectra only (Table 4) . however, this is still with a relatively high RMSEp (Table 4 ). Figure 7A illustrates the scatter 
